Motivation
High-dynamic multiaxial testing machines (MATM) are used for hardware-in-the-loop (HWIL) simulations of inertial navigation systems, gyroscopes and accelerometers. Although these machines are complex and expensive, their advantages are predominating. Once a HWIL test rig is developed, it can accompany the whole development process of aerospace and defense guidance systems without the need of performing expensive real-life tests. Moreover, MATMs allow for the test of components under extreme conditions that are hard to achieve in real-life application. They are thus a very important tool for the development of guidance systems.
However, the advancement of these guidance systems is driving the demand for improved testing machines. They must be able to achieve higher angular accelerations and velocities without losing stability and precision. As the tests must not be influenced by natural vibrations of the machine, strict requirements for the fundamental frequency of the system must be fulfilled. Improved stiffness and reduced mass of the machine lead to an increased fundamental frequency and hence to a higher usable bandwidth of the system. At the same time, the structure should possess low moments of inertia in order to minimize the required drive power.
Up to now, the moving machine axes are predominantly made as classic box beam designs from magnesium or aluminum. Previous developments veered towards optimization of the magnesium and aluminum alloys with respect to the design requirements. Also, increase of eigenfrequencies was bought by more stiff designs of structural components to the price of higher inertias and the need of more powerful drives.
This article investigates the potential of carbon fiber reinforced polymers (CFRP) as material for the moving structural parts of a MATM. First, a simple material substitution is carried out. Next, more complex structural concepts are investigated that take profit of the freedom of the design of FRP materials. In a final step, a laminate optimization aims at full exploitation of the potential of the material. The manufacturing route for a demonstrator part is presented. The paper concludes with a cost assessment of the optimized MATM.
Reference Machine
The testing machine under study consists of a steel base structure on which three aluminum cardanic axes (CA) are mounted as can be seen in Fig. 1 . The axes are sized in a way that a 60
• field of view cone pointing in Z-direction and originating in the center of rotation is kept free. The outer and middle axes are driven hydraulically, the small inner axis is driven by an electric motor. In order to analyze the dynamics of the machine, a parameterized rigid body model was created and calibrated by experimental modal analysis data. A subsequent sensitivity analysis revealed the outer cardanic axis (OCA) to be the most influencing substructure for the lowest eigenfrequencies of the machine. As a consequence, the OCA is primary target for the machine optimization that is presented in the following.
A simplified FEM model of the outer cardanic axis is used with the middle and inner axis substituted by a point mass of 305 kg. It is attached to the OCA by rigid body elements. Fig.  2 shows the aluminum reference model. The colors indicate the wall thicknesses of the structure. The material properties can be found in Tab. A.7. In order to assess the performance of the system the following simulations are carried out:
• Modal analysis: Calculation of the fundamental frequency f 1 • Stiffness analysis: Calculation of the total deformation δ of the structure when maximum angular accelerationω x = 15.000
• /s 2 is applied • Strength analysis: Calculation of the margin of safety (Ψ) against failure when counteracting drive torques of 29 000 Nm occur on each side of the outer axis. The margin of safety is obtained from
Additionally, inertia I xx and mass m of the OCA are determined. The results of the analyses of the simplified FE model for the reference machine are summarized in Tab. 1. The fundamental eigenmode of the structure is depicted in Fig. 3 . 
Material Substitution
As a first optimization measure, a material substitution for the OCA is carried out. Fiber Reinforced Polymers (FRP) appear as a promising choice for improving the performance of the system. Due to the common fiber and matrix materials having a low density, good weight-specific mechanical properties of FRPs arise. Especially carbon fiber reinforced polymers (CFRP) are able to achieve weight-specific properties in fiber direction up to one magnitude higher than those of metals, whereas the properties transverse to the fibers are governed by the matrix material and thus are relatively low. Therefore, layers are typically stacked with different fiber orientation angles. By regularly distributing the fiber orientation in all directions, quasi-isotropic (QI) laminates can be achieved. Fig. 4 shows a polar plot of the Young's moduli of a laminate of T300 standard fibers in an epoxy matrix (Tab. A.7) in unidirectional (UD) and (0/45/ − 45/90) s QI configuration. They are compared to aluminum. The moduli are normalized by the one of aluminum. The most anisotropic UD laminate is able to achieve a stiffness in fiber direction about 1.8 times higher than aluminum. On the other hand, the more relevant QI laminate has an elastic modulus that is significantly lower than that of aluminum. As it appears, aluminum is able to compete with CFRP as a lightweight material without any difficulty. However, the material densities have not been considered so far. Fig. 5 shows the same content but normalization also contains the respective material densities. Now it can be seen that even the QI laminate surpasses the weight-specific stiffness of aluminum. Hence, a QI CFRP laminate is thicker but nevertheless lighter than an aluminum sheet when aiming for equal membrane stiffness. Additionally, the CFRP sheet has a considerably higher bending stiffness and buckling strength, which indicates the great potential of CFRP as a lightweight material. In order to investigate the potential of the material itself, a simple "black metal" solution is tested first, i.e. the same beam structure with the same wall thicknesses as in the reference solution is now analyzed with QI CFRP material properties. The margin of safety Ψ for the CFRP structure is calculated from a maximum strain criterion:
The results are given in Tab. 2. As can be seen, using a QI CFRP laminate with the same wall thicknesses as in the aluminum version leads to a decrease of eigenfrequency of the system. The decrease of stiffness is not compensated by the decrease of weight and inertia of the structure. This is plausible because the middle and inner axis and the test unit add a significant amount of mass (305 kg) to the structure. A reduced static stiffness and a reduced margin of safety are found as well. However, an improvement of the eigenfrequency-to-inertia ratio from 1.52 to 2.16 Hz/kgm 2 (+42.1 %) can be observed. The lowest eigenmode shape of the structure is the same as for the aluminum version depicted in Fig. 3 . On the basis of these results one can conclude that a simple material substitution applied on a structure designed for metallic materials cannot exploit the potential that is expected from the CFRP approach. This stands in line with findings from other authors [1, 2] . 
Structural Concept
As it was found in the preceding section, the beam OCA is not a convincing structural concept for a CFRP component. The aluminum beam structure consists of flat aluminum plates that are welded together to form the part. FRPs are typically processed in a mold-based manufacturing route. This allows for much higher freedom of design regarding geometrical complexity at reasonable costs. It is known that the introduction of curvatures into a structure can lead to a significant increase of stiffness and buckling strength [3] . The same is found for the reinforcement of free edges or the stiffening of large-area shells by ribs and stringers [4] .
In this chapter, a structural concept is presented that is exploiting the geometrical potential of the FRP approach better than the reference design. In order to find a good solution, a systematic concept study is carried out. The first step includes the development, analysis and assessment of in total 18 design concepts of lightweight beam, shell and framework structures. After assessing the designs in terms of mechanical performance and expected manufacturing effort, the shell concepts are identified as most promising. The second step aims at investigating the effect of design parameters such as shell curvature and thickness, position and configuration of stiffeners and material distribution. Thereafter, weaknesses in the design are systematically eliminated. As final design a double-curved shell is obtained, which offers a promising combination of high performance and reasonable manufacturing effort. It can be seen in Fig. 6 . The shell shape is based on an ellipsoid. Its openings are sized in a way to satisfy the field of view requirement as well as the range of motion requirements of the inside axes. Flat surfaces are introduced at the flange areas to allow mounting of the drives. The shell structure is carried out as a sandwich with a foam core of 50 mm thickness and homogeneous face sheets with a 10 mm thick QI layup each. Additional stiffness is given to the shell by introducing edge stiffeners. As can be seen in the section view in Fig. 6 , the foam is running out at the shell edge. The face sheets follow a 90
• bend to the inside of the shell and are joint to form a 20 mm thick edge reinforcement of the shell.
Results of the FEM simulations are given in Tab. 3. Modal analysis of the shell OCA shows that an increase of fundamen-tal frequency from 78.6 to 95.4 Hz (+21.4%) can be achieved whilst the inertia of the OCA is reduced from 51.8 to 33.8 kgm 2 (-34.7 %). The eigenfrequency-to-inertia ratio is improved by 85.5 %. A change of the lowest eigenmode can be observed, away from the vertical movement of the beam models to a horizontal, transverse eigenmode as it is depicted in Fig. 7 . 
Laminate Optimization
As shown in Section 3, the better lightweight potential of CFRP compared to aluminum arises solely from its lower density if the widely-spread quasi-isotropic layups are used. However, from a structural engineering point of view, this is only reasonable if the structure is loaded homogeneously in all directions. This condition is encountered very rarely. Instead, certain dominant load directions exist in the component, which are typically depending on the position. Hence, an optimal laminate should be tailored to the specific loads in each position. The layer-wise building of FRPs allows for a local variation of material quantity, orientation, and stacking sequence. This local variation of the layup holds an enormous lightweight potential. However, due to the high freedom of design, optimal solutions cannot be found by an engineer's intuition, but requires the use of numeric optimization tools.
In this case, the fundamental frequency of the shell outer cardanic axis shall be maximized. The optimization problem is stated as:
Design variables are the thickness ratios α i, j = t i, j /t t,i of each layer j in element i and the total thickness t t,i of each finite element in the structural model. Since the first and the second eigenmode of the system are close together, both are concurrently optimized using a weighted objective function with f i the i-th eigenfrequency and the exponent set to ν = 7.5. K, M represent the global stiffness and mass matrix of the problem, λ i and Φ i denote the corresponding eigenvalue and eigenvector. A constraint for the inertia I * xx = 35.7 kgm 2 is defined. It arises from the acceleration requirements and the available drive torque of the targeted motors. Also minimum and maximum allowed total thicknesses of t min = 5 mm and t max = 22 mm are set. For the initial optimization model, a fiber layup of (0/45/ − 45/90) 3s with a total thickness of 10 mm for each face sheet is defined. The face sheets of the structural model consist of around 30 000 layered shell elements. Five design variables exist per element, hence the problem comprises of 150 000 variables. Due to the sandwich concept, the structure carries predominantly membrane loads and stacking sequence influence can be neglected.
Applicability of numeric optimization methods in small and medium-sized enterprises is mainly determined by their efficiency. Due to high costs, small companies usually only have few licenses for the required structural analysis software and limited computational resources. The solution strategy of Problem (3) is thus based on a generalized optimality criteria approach [5] , which is known for its fast convergence even for large-scale problems. Efficiency is further increased by a concurrent resizing and scaling technique. Objective and constraint function gradients are efficiently evaluated analytically from the layered shell element formulation used by Nastran [6] . Fig. 8 illustrates the development of the fundamental frequency over the iteration steps carried out in the optimization. As can be seen, convergence is achieved after 15 iterations with a significant increase of eigenfrequency. Additionally, the figure shows the final optimized total thickness distribution. After the optimization run, the element-wise optimal results are transferred to a producible layup solution. Doing so, a global layup with a total thickness of 6 mm is defined which covers the complete shell structure. Secondly, local layups acting as reinforcements of critical areas of the shell are created.
These are mainly the flanges and the edge stiffeners. The total thickness distribution after post-processing of the optimization result is shown in Fig. 9 . In order to get a realistic model of the OCA, draping simulation of the plies is applied. The results of the draping simulation are then transferred to the FE model. Tab. 4 summarizes the results of the optimization phase. A fundamental frequency of 139.1 Hz is found. The respective eigenmode shape is the same as in Fig. 7 . A small loss of performance occurs when transferring the optimization results to an easy to manufacture structure (from 147.6 Hz to 139.1 Hz). However, this can be accepted because nevertheless a vast increase of eigenfrequency can be achieved. The frequency-to-inertia ratio of the system can be increased from 1.52 to 3.93 Hz/kgm 2 (+158.6 %). A great improvement of stiffness δ and margin of safety Ψ can be found as well for the optimized solution. 
Function Integration
Complex structures are typically realized as differential designs. They hold a lot of interfaces that increase their weight and manufacturing effort. It is assumed that lightweight potential can be set free if integral design approaches can be shifted to a higher degree of complexity [7] . The sandwich shell approach allows for exciting new ways of function integration. E.g. channels in the foam allow for the placing of cable ducts and cooling fluid pipes in the core. Recesses give space for the integration of particle dampers, which are highly efficient for the damping of stiff structures [8] . After placing the elements in the core, it is closed with filler and the face sheet can be applied.
Manufacturing and costs
This section investigates the manufacturing feasibility of the sandwich shell structure by means of a demonstrator. With the manufacturing process defined, a cost comparison of the novel CFRP design and the aluminum reference solution is given.
Manufacturing
The demonstrator part is planned as a reduced version of the OCA but still must contain all its complexities in order to develop a suitable manufacturing route. The demonstrator is defined as 1/8 of the OCA shell. The face sheet layup is as obtained from the optimization. It contains a 6 mm thick global layup and reinforcement zones at the flanges and edge stiffeners of the structures.
In order to determine the most suited manufacturing route, potential processes are assessed with regard to selected criteria in Tab. 5. Considering the projected low volumes of the OCA, costefficient tooling is an important aspect. As a consequence, autoclave and closed mold manufacturing processes like resin transfer molding are ruled out. An out-of-autoclave prepreg solution seems feasible, however material costs are high. Hand lamination can be carried out in cheap tools but is dismissed as well because of its high manual labor effort for thick laminates. Instead, vacuum assisted resin infusion (VARI) seems to be best suited. It allows for a fast, one-shot infusion even of thick laminates. As the VARI process is carried out at low temperatures and pressures, the thermal and mechanical requirements on the mold are low as well. The typically achieved laminate qualities are sufficient. Dimensional accuracy is only important at load introduction areas and can be ensured by final machining.
The negative mold for the demonstrator is produced in a direct tooling approach. It consists of PET foam on which a PU tooling paste is applied and fine milled to the outer contour of the demonstrator. Laminating of the demonstrator involves three major steps: i) layup of outer face sheet plies and vacuum infusion, ii) bonding of foam core to outer face sheet using vacuum assistance, iii) layup of inner face sheet plies and vacuum infusion. After demolding the part, integration of load introduction elements and CNC machining completes the manufacturing. The finalized demonstrator can be seen in Fig. 10. 
Costs
A summary of the costs of the MATM in three versions is presented in Tab. 6. Version Reference is the state-of-the-art aluminum design with hydraulic drives for the outer and middle axes and an electric drive for the inner axis. Version CFRP OCA includes the optimized CFRP outer cardanic axis. Due to its reduced inertia, the hydraulic drives of the OCA can be replaced by electric motors. Version CFRP full describes a more in-depth optimized system, where all three axes are CFRP designs with appropriately dimensioned electric motors. The assessed costs in the table are given as percentage of the total cost of the reference testing machine. The interesting result from the cost assessment of version CFRP OCA is that the usage of structural components from CFRP has the potential to reduce the overall cost of the testing machine under study. The costs for the outer axis structure are increased by 165 %, however these extra costs are overcompensated by the possibility to use smaller and cheaper drives and power supplies. The utilization of a CFRP outer cardanic axis results in an expected cost decrease of the whole system of 7.9 %.
Version CFRP full introduces CFRP structures for all three axes of the system. This allows for a smaller electric engine for the inner drive and for electrification of the outer and middle axis drive. Our cost assessment reveals that the rather small inner and middle axis structures made from CFRP are about the same price as their milled aluminum counterparts. This, in sum, yields a further reduction of the costs of the system. The full CFRP/full electric MATM is expected to be 14.3 % cheaper than the reference design.
Conclusions
In this article, the potential of CFRP structural components in high-dynamic multiaxial testing machines was investigated. Our approach is assessed by comparing an optimized CFRP MATM to a state-of-the-art aluminum design. Three main results are drawn. First, a significant increase of fundamental frequency of 77 % can be achieved. The geometrical freedom of design with FRPs allows for the realization of extremely stiff structures. Further stiffness is added through laminate optimization. Additionally, carbon fibers are available in a wide range of mechanical properties. Although cost-efficient standard HT-fibers are considered in this study, HM-fibers with Young's moduli in fiber direction of up to 780 GPa can be found [9] . Secondly, a reduction of inertia of 31.7 % is achieved. With that being a great advantage itself, certain multiplier effects occur, too. Here, this opens up the possibility to reduce the size of drive trains due to the light CFRP structures. This leads to the last result, whereby the costs of the optimized MATM are 7.9 % lower than the costs of the aluminum reference system. Hence, it is concluded that CFRP can be a valuable asset to the design of high-dynamic testing machines.
